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Abstract— This paper proposes a new adaptive droop curve 
to ensure the stability of the superimposed frequency method 
(SFM) for the control of DC Microgrids. SFM has a remarkable 
accuracy in load-sharing and voltage regulations among 
different control strategies of DC microgrids. However, this 
method suffers from some levels of instability in terms of the 
load variations. This is due to (i) location of the system dominant 
poles; which is really sensitive to the variations of the system 
loading, and (ii) limitations in the transferred reactive power; 
which is used to regulate source DC voltages. Therefore, a new 
strategy based on an adaptive droop curve is presented in this 
paper to keep the system dominant poles in an acceptable area 
and its performance is verified using different simulation studies 
in MATLAB/SIMULINK environment. 
Keywords—DC Microgrids, Droop Curve, Load- Sharing, 
Voltage regulation, System dominant poles, Instability. 
I. INTRODUCTION 
Due to major global concerns about the global warming 
and imminent energy crisis, trends towards using distributed 
generations (DG) and renewable energy sources (RES) have 
increased recently [1]. However, direct integration of DGs and 
RESs to the conventional AC systems might cause severe 
problems for the system stability, protection, control, power 
quality, and etc. Microgrids are the base structures that are 
required for the large-scale application and integration of DGs 
and RES into the main AC systems [2].  
There are two types of DC and AC microgrids. Due to the 
recent advances in power electronic converters, and 
introducing higher efficiency, reliability, controllability, DC 
microgrids are getting much popular than the past compared 
to its rival i.e. AC microgrids [2]. Furthermore, most of the 
loads and sources, like photovoltaic cells, energy storage 
systems (ESS) and most of DGs, have a DC nature or at least 
require AC/DC conversion in their structures. 
Conventionally, DC microgrids are controlled in three 
stages of primary, secondary, and tertiary controllers. Droop 
curves are utilized in primary controllers to ensure the system 
stability and proper load-sharing. Voltage regulation of the 
system is ensured by the secondary controllers, and the tertiary 
controller is utilized for ensuring the optimal and economic 
operation of the system [1]. Conventional control methods of 
DC microgrids suffer from some major problems such as 
negative impact of line resistances on the equivalent droop 
curve, poor current sharing, and severe voltage drops. 
Furthermore, secondary controllers require a vast 
communication infrastructure that harshly affects the system 
reliability [2]-[6].  
In [7], an adaptive droop curve is proposed for the primary 
controller which regulates droop gains according to the system 
overall loading. However, the overall load sharing is not 
desirable in this method. To enhance the overall load- sharing 
accuracy, a non-linear droop curve is introduced in [8]. 
However, this method increases the system overall complexity 
and controllability. To enhance system performance at the 
presence of constant power loads (CPL), a new droop curve 
based on the square of the DC bus voltage is presented in [9]. 
But, load- sharing accuracy and voltage regulation of the 
system are harshly affected. In [10], a master- slave based 
strategy is proposed to alleviate the problems caused by the 
primary controller. However, due to existence of only one 
master unit, this method does not yield an acceptable voltage 
regulation.  
In order to solve all the aforementioned problems, a new 
strategy based on a superimposed AC voltage is proposed in 
[11]. The idea of the proposed method is mainly adopted from 
frequency droop in AC systems. In other words, each source 
injects a small AC voltage with a frequency related to its 
output DC current, and the system is stabilized using the 
sources frequency droop curve. The proposed superimposed 
frequency method in [11] has a desirable load-sharing and 
voltage regulation accuracy. Furthermore, this method does 
not require any communication infrastructures, and therefore, 
improves the system reliability. However, this method suffers 
from some levels of inaccuracy in terms of the load variations. 
This problem is mentioned in [12], [13], in which 
conventional droop curve is merged with the superimposed 
frequency droop method in order to solve the instability 
problem. However, the proposed method increases system 
complexity. In [14]- [16], adaptive droop curve and adaptive 
amplitude of the injected voltage is proposed to ensure system 
stability at different loadings. However, these methods also 
increase system complexity. Thus, this paper proposes a new 
adaptive droop curve to solve the instability problem of the 
superimposed frequency droop method. Furthermore, the 
proposed adaptive droop curve does not increase the system 
complexity, and does not require any communication 
infrastructure.  
The paper is structured as follows. First, at section II, 
superimposed frequency droop method and some important 
factors are briefly discussed. Then, in section III, the proposed 
adaptive droop curve is introduced. Furthermore, performance 
of the proposed adaptive droop curve is investigated using 
small signal stability analysis and different simulation studies 
in section IV and V, respectively. Finally, section VI 
concludes the paper.                    
II. REACTIVE POWER IN SFM 
The main purpose of the SFM is to adopt a new strategy 
for overcoming the inaccuracies in the conventional voltage-
based control methods of DC microgrids. For this, a strategy 
mainly adopted from AC systems is used. In other words, a 
small AC signal is injected to the main DC system, and the 
system is controlled using the global frequency of this small 
AC signal. The main reason for the inaccuracies in the 
conventional voltage-based control methods is using the local 
parameter of voltage. Frequency droop method uses two types 
of droop curves i.e. frequency-DC current droop curve which 
is adopted from AC systems, and voltage-reactive power 
droop curve used for regulating the DC voltage of each source. 
A. Frequency- DC current Droop Curve 
In the SFM, a small AC voltage with a constant amplitude 
of A is injected to the main DC microgrid [11]. The frequency 
of the injected AC voltages is calculated using a frequency 
droop similar to the ones used in AC systems. At steady state, 
the systems frequency is stabilized and is calculated according 
to (1). The applied frequency droop is depicted in Fig. 1(a). 
             
* , 1, 2,...,fi if f d I i N= − =                    (1) 
where N is the number of DGs in the microgrid, f is the system 
frequency, f* is the system reference frequency, dfi is the 
frequency droop gain of ith source, and Ii is the DC current of 
the ith source. 
 
B. Voltage- Reactive power Droop curve 
Schematic of the applied voltage droop curve is depicted 
in Fig. 1(b). In the SFM, the DC voltage of each source is 
regulated using a voltage-reactive power droop curve as [11]: 
                   
; 1, 2i ref i iV V d Q i= − =                       (2) 
where di is the voltage droop gain of ith source, Qi is the 
injected reactive power of the ith source, Vi is the output DC 
voltage of the ith source, and Vref is the reference DC voltage 
of the microgrid. 
The value of the voltage droop gains, i.e. di, has a 
fundamental impact on the transferred reactive power among 
the sources. For analyzing this, a simple DC microgrid with 
the configuration of Fig. 2 and a local resistive load is 
considered. For this grid, a local resistive load is considered. 
For the system in Fig. 2, DC voltage of the ith source is 
calculated as: 
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                    (3)                        
where VPCC is the voltage of the PCC, Rload is the load 
resistance, and r1, r2 are the line resistances of the sources 1 
and 2. 
According to [12], the required transferred reactive power 
among the two sources and the maximum transferrable 
reactive power is as (4).  
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where Rload is the load resistance, and r1, r2 are the line 
resistances of the sources 1 and 2.     
Using (4), for the system shown in Fig. 2, the effect of the 
voltage droop gain in the maximum loading of the system is 
depicted in Fig. 3. As shown in this figure, using higher/lower 
voltage droop gains, the system maximum loading is 
increased/decreased. In order to further analyze the effect of 
the voltage droop gains, variations of the transferred reactive 
power among the two sources in terms of the variations in 
voltage droop gains at a constant loading is depicted in Fig. 4. 
As shown in this figure, the values of voltage droop gains have 
an influential impact on the transferred reactive power. At first 
sight, it might look reasonable to use high droop gains. 
However, high droop gains decrease the system damping 
ratio, and might lead to system instability. This matter is 
further investigated in section 4. In other words, using 
constant voltage droop gains, only a limited range of the loads 
can be supplied by the system. Therefore, it is desirable to 
have high/low droop gains at high/low loadings. 
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Fig. 1. Schematics of (a) Frequency- DC current droop curve (b) Voltage- 
Reactive power droop curve [11] 
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Fig. 2. Schematics of a typical DC microgrid (r1 = 2Ω, r2 = 4Ω, VDC,ref  = 
700V, df1 = df2 = 0.15, A = 10V) [11] 
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Fig. 3. Impact of voltage droop gains on transferred reactive power among 
the sources with contant voltage droop gains [14]- [16] 
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Fig. 4. Impact of voltage droop gains on transferred reactive power among 
the sources at constant loading ( 1 < d < 6 , Rload = 50 Ω ) [14]- [16] 
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Fig. 6. Schematics of control block diagram of the sources using the 
proposed adaptive droop curve 
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Fig. 7. Variation of the voltage droop gain in terms of the load variations 
for the proposed adaptive droop curve 
 
III. THE PROPOSED ADAPTIVE DROOP CURVE 
As discussed in the former section, it is desirable to have 
high/low voltage droop gains at high/low loading of the 
system. In the other words, the system voltage droop gains 
must be proportional to the overall loading of the system and 
change according to it. As shown in Fig. 3 and Fig. 4, the 
transferred reactive power among the two sources increases as 
the system loading increases. Therefore, the transferred 
reactive power can be set as a criterion for determining the 
overall load of the system and changing the voltage droop 
gains. Schematic of the proposed adaptive droop curve is 
depicted in Fig. 5, and the sources control block diagram is 
depicted in Fig. 6. In the proposed droop curve, the voltage of 
each sources is calculated as: 
( ) ;
1 ; 0
sgn( )
1 ; 0
i ref i i iV V sgn Q n Q
x
x
x

= −

= 
− 
                (5) 
where sgn(x) is the sign function, and ni and α are the 
proposed droop curve constant and coefficient. 
 The voltage droop gain at each operating point of the 
system can be calculated as (6). Using (6), for the system in 
Fig. 2, variations of the source voltage droop gains in terms of 
load variations is depicted in Fig. 7. As depicted in Fig. 7, 
voltage droop gains are set according to the overall loading of 
the system and will increase/decrease as the system loading 
increases/decreases. Therefore, using the proposed adaptive 
droop curve, variations of the voltage droop gains will be 
desirable, and will enhance the system performance. 
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With refer to [11], for the acceptable operation of the 
system, it is better that the transferred reactive power remain 
in the range of 20% and 80% of the maximum transferrable 
reactive power at all loadings of the system. Because, very low 
amount of the transferred reactive power can cause some 
problems in the detection of the small AC current, and very 
high value of the transferred reactive power can lead to system 
instability. This is further explained in section 4. Therefore, 
dmin must be imposed at the lowest load (with 0.2Qmax), and 
dmax must be imposed the highest loading (with 0.8Qmax). 
Therefore, using the equations in (7), the value of α can be 
calculated. By substituting the value of α in any of the 
equations in (7), the value of ni can be calculated. 
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IV. SMALL SIGNAL STABILITY ANALYSIS 
After Dynamic behavior of the SFM using the proposed 
adaptive droop curve for the system in Fig. 2 is investigated in 
this section. The linear model of (5) and (6) are presented in 
(10) and (11), respectively. 
                             
1
2
2
0
1 2
;
cos
2( )
Q k
Q k
A
k
r r






 = − 

 = 
=
+
                       (8) 
                    
1
1 1 ( ) 1
1
2 2 ( ) 2
s
s
V n Q G Q
V n Q G Q




−
−
 = − 

 = −                 (9) 
where G(S) = wc / (S + wc) is a low pass filter with the cutoff 
frequency of wc , and S is the Laplace operator.  
By substituting the values of ΔQ1 and ΔQ2 into (9), and 
merging the equivalent equation with the small signal model 
of (3), the linear model of I1 and I2 can be calculated as: 
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According to [11], ẟ can be calculated as: 
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By substituting ΔI1 and ΔI2 from (10) into the linear 
model of (11), characteristic equation of the system is 
calculated as (12). 
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Ω ) (c) the proposed adaptive droop curve ( ni = 1.1 , α = 1.7 , 20 < 
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At first, for the system in Fig. 2, using the conventional 
constant droop gain i.e. α=1, root locus of the system is 
depicted in Fig. 8(a). As shown in this figure, the system poles 
move towards the imaginary axis as the system loading 
increases. This will lead to the system instability at high 
loadings. At low loadings, the imaginary part of the system 
loading is so high, which leads to low damping ratio and 
system instability at low loadings. At a constant load, the 
effect of the voltage droop gains on the location of the system 
dominant poles is depicted in Fig. 8(b). As shown in this 
figure, voltage droop gains have an influential impact on the 
system stability. High voltage droop gains decrease the system 
damping ratio and might lead to system instability at low 
loadings. However, the system performance will be so 
desirable at high loadings. Low voltage droop gains might 
cause instability at high loadings. However, the system 
performance would be acceptable at low loadings. Therefore, 
high/low voltage droop gains are desirable for high/low 
loadings of the system. Using the proposed adaptive droop 
curve, root locus for the system in Fig. 2 is depicted in Fig. 
8(c). As shown in this figure, the imaginary part of the system 
poles is low at low loads, and the system damping ratio is high. 
At high loadings, the system poles move away from the 
imaginary axis which guarantees system stable operation. 
Using the proposed adaptive droop curve, system poles 
remain in an acceptable area at all loadings of the system. 
Therefore, much wider range of the loads can be supplied by 
the system. 
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V. SIMULATIONS  
Simulation results for verifying the performance of the 
proposed adaptive droop curve is provided in this section. At 
first, the system in Fig. 2 is simulated with high voltage droop 
gain, and the results are presented in Fig. 9(a). As shown in 
this figure, the system performance is perfect at high loading. 
However, the system does not operate accurately at low 
loading. The system simulation results with low voltage droop 
gain are provided in Fig. 9(b). As shown in this figure, the 
system stability is desirable at low loading. However, its 
performance is not acceptable as the load increases. 
 Simulation results of the proposed adaptive droop curve 
are provided in Fig. 10. In Fig. 10(a), output currents of the 
sources are depicted. As shown in this figure, the system 
works perfectly at all loadings of the system, current-sharing 
accuracy is so desirable, and the load current is equally 
supplied by the two sources. The frequency of the injected AC 
voltage is depicted in Fig. 10(b). As shown in this figure, the 
two frequencies merge to a constant value at all loadings of 
the system, which attests the stable operation of the system 
using the proposed adaptive droop curve at different loadings 
of the system. The voltage of the two sources and their average 
value are depicted in Fig. 10(c). As shown in this figure, the 
average voltage of the buses is equal to the microgrid 
reference voltage at all loadings of the system. This is a 
testimony to the desirable voltage regulation of the SFM using 
the proposed adaptive droop curve. Therefore, using the 
proposed adaptive droop curve for SFM, the system 
performance will be desirable at all loadings of the system and 
the system load- sharing accuracy, voltage regulation, and 
stability is acceptable.  
VI. CONCLUSION 
This paper proposes a new adaptive droop curve in order 
to ensure the stability of the superimposed frequency droop 
method at all loadings of the system. In the proposed droop 
curve, droop gains are regulated regarding the overall loading 
of the system. Changing the droop gains will keep the system 
dominant poles in an acceptable area in order to ensure the 
stability of the superimposed frequency droop method at all 
loadings of the system. Performance of the proposed droop 
curve is validated using different simulation studies in 
MATLAB/SIMULINK environment.    
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Fig. 10. Performance of the SFM with the proposed adaptive droop curve 
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